Franck-Condon analysis of laser-induced fluorescence excitation spectrum of anthranilic acid: Evaluation of geometry change upon S 0 S 1 excitation J. Chem. Phys. 130, 054307 (2009) By using three different hybrid exchange-correlation functionals containing 20%, 35%, and 50% of exact Hartree-Fock (HF) exchange of the density functional theory and its time-dependent extension plus the Hartree-Fock and the configuration interaction of single excitation methods, equilibrium geometries, and their 30 vibrational-normal-mode frequencies of the ground S 0 ( 1 A 1 ) and the first excited S 1 ( 1 B 2 ) states of fluorobenzene (FB) were calculated. The dispersed fluorescence spectrum and internal conversion (IC) rate of the A 1 B 2 → X 1 A 1 transition were simulated by Franck-Condon (FC) calculations within the displaced harmonic oscillator approximation plus anharmonic and distorted corrections. The simulated spectral profile is primarily described by the Franck-Condon progression from the ring-breathing modes v 9 and v 10 which belong to totally symmetry modes. Anharmonic corrections simultaneously improve the intensity order of 9 0 1 and 10 0 1 bands and diminish 1 0 1 transition that is fairly strong in harmonic simulations. It is concluded that the amount of Hartree-Fock exchange does impact the geometries and vibrational frequencies of FB molecule, but not the relative intensities of the transitions. It is anharmonic corrections that make the relative intensities of the transitions in good agreement with experimental results. Distorted corrections could assign most of the dominant overtones of out-of-plane nontotally symmetry modes, and the results agree well with the experimental assignments. Furthermore, it was found that the internal conversion rate is dominated by three promoting modes that are computed with lowing symmetry to C 1 . By choosing dephasing width as 10 cm −1 that is consistent with spectral simulation, we obtained the lifetimes of the A 1 B 2 → X 1 A 1 de-excitation as 11 and 19 ns, respectively, from TD(B3LYP) and HF/CIS calculations in comparison with the experimental value 14.75 ns.
By using three different hybrid exchange-correlation functionals containing 20%, 35%, and 50% of exact Hartree-Fock (HF) exchange of the density functional theory and its time-dependent extension plus the Hartree-Fock and the configuration interaction of single excitation methods, equilibrium geometries, and their 30 vibrational-normal-mode frequencies of the ground S 0 ( 1 A 1 ) and the first excited S 1 ( 1 B 2 ) states of fluorobenzene (FB) were calculated. The dispersed fluorescence spectrum and internal conversion (IC) rate of the A 1 B 2 → X 1 A 1 transition were simulated by Franck-Condon (FC) calculations within the displaced harmonic oscillator approximation plus anharmonic and distorted corrections. The simulated spectral profile is primarily described by the Franck-Condon progression from the ring-breathing modes v 9 and v 10 which belong to totally symmetry modes. Anharmonic corrections simultaneously improve the intensity order of 9 0 1 and 10 0 1 bands and diminish 1 0 1 transition that is fairly strong in harmonic simulations. It is concluded that the amount of Hartree-Fock exchange does impact the geometries and vibrational frequencies of FB molecule, but not the relative intensities of the transitions. It is anharmonic corrections that make the relative intensities of the transitions in good agreement with experimental results. Distorted corrections could assign most of the dominant overtones of out-of-plane nontotally symmetry modes, and the results agree well with the experimental assignments. Furthermore, it was found that the internal conversion rate is dominated by three promoting modes that are computed with lowing symmetry to C 1 . By choosing dephasing width as 10 cm −1 that is consistent with spectral simulation, we obtained the lifetimes of the 
I. INTRODUCTION
Fluorobenzene (FB) molecule is the simplest prototypical benzene derivative and the study of its spectroscopic and photophysical properties has a long history with focusing on its electronic ground [S 0 ( 1 A 1 )] and first singlet excited [S 1 ( 1 B 2 )] states. [1] [2] [3] [4] [5] The presence of fluorine atom on aromatic ring reduces the D 6h point group symmetry of benzene to the C 2v symmetry of FB and this makes the electronic structures and spectroscopic characteristics of FB very different from those of benzene. [6] [7] [8] Therefore, it has been an interesting subject for both experimental and theoretical investigation of vibrational assignments from its absorption and fluorescence spectra. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] As early as 1925, Henri had studied the near ultraviolet absorption spectrum of FB, and later in 1945 Wolman remeasured this spectrum with more details and found that strong perturbation of aromatic ring by fluorine atom enhances the transitions originally forbidden in benzene but permitted in FB. 11 In order to assign vibrational and electronic a) Electronic mail: cyzhu@mail.nctu.edu.tw.
transitions in terms of vibronic levels, a few experiments with the high resolution of infrared vibrational and electronic absorption spectra of FB have been performed. 2-5, 8-10, 12 Lipp and Seliskar obtained the most complete assignment of the S 1 ( 1 B 2 ) ← S 0 ( 1 A 1 ) excitation spectrum experimentally using the hot and cool band spectra. 2, 3 Padma and Jug 13 calculated the equilibrium geometries of electronic ground and first excited states, and adiabatic excitation energy between the two electronic states using configuration interaction (CI) and semiempirical methods. Fogarasi and Császár 14 simulated the vibrational spectrum of the ground state using HartreeFock method. More recently, Miura et al. 15 computed the vertical excitation energy and oscillator strength of the 1 B 2 ← 1 A 1 transition of FB (corresponding to 1 E 1u ← 1 A 1g transition in benzene) by the time-dependent density functional theory (TDDFT). Using more sophisticated experimental measurements of laser-induced fluorescence (LIF) and dispersed fluorescence (DF) spectroscopy, Butler et al. 4 provided almost complete assignment and interpretation of this cold band 1 B 2 ← 1 A 1 transitions of FB, and furthermore they analyzed over 40 single vibronic levels of DF spectra resulted in the assignment of 16 fundamental frequencies in the excited electronic state. Using the gas phase resonance enhanced multiphoton ionization (REMPI) technique and zero electron kinetic energy spectroscopy, Pugliesi et al. 5 could refine the assignments of the lower wavenumber region (below ∼1000 cm −1 ) of the band 1 B 2 ← 1 A 1 transitions of FB. The Duschinsky effect (mode mixing) that was analyzed by high level ab initio calculations leaded to assignments of the considerable weak transitions observed in experiment spectrum 4, 5 and relative intensities of the two-color (1 + 1 ) REMPI spectrum of FB were simulated by performing numerical multidimensional Franck-Condon (FC) calculations including standard linear Duschinsky normal coordinate transformation procedure. 5 A main purpose of the present work focuses on the ab initio simulations of electronic spectra and internal conversion (IC) of Fluorbenzene. From theoretical point of view, these two processes are partly governed by the same Franck-Condon factor. In order to demonstrate how accurate simulation we can do for internal conversion process, we must show that the same ab initio level of calculation should perform well for electronic spectra. Time dependent density function method is used to calculate excited state in which the impact of Hartree-Fock exchange percentage in the hybrid functional is extensively investigated and discussed.
In the present work, we first simulated the dispersed fluorescence electronic spectrum of FB following LIF excitation of the 1 B 2 ← 1 A 1 by employing simple products of one-dimensional FC factors that corresponds to displaced harmonic oscillator approximation plus anharmonic and distorted effects. We believe that the DF spectral profile should be primarily described by the Franck-Condon progression in terms of the totally symmetry normal modes. Anharmonic correction to ground and excited states is assumed to be the same and thus their corrections are only to totally symmetry normal modes. The distorted effects that affect only nontotally symmetry normal modes should be small as it can be considered as diagonal-part correction of Duschinsky modemixing matrix. We calculated the internal conversion rate of FB molecule following excitation of the 1 B 2 ← 1 A 1 transition under the isolated molecular condition. Actually, the lifetimes and the radiationless transition rates from the single vibronic levels of S 1 state were measured under the collision-free condition by Abramson and co-workers. 16, 17 Reported lifetimes and quantum yields of fluorescence come from 59 vibronic states, and the lifetime of 0-0 transition is about 14.8 ns. 16 Radiationless transition involving two electronic states is partly governed by the nonadiabatic coupling that is determined by the off-diagonal matrix elements of the nuclear kinetic operators. This nonadiabatic coupling can be expressed in terms of series of normal-mode vibronic couplings which can be calculated by ab initio quantum mechanic methods and rate of internal conversion is usually sensitive to accuracy of those vibronic couplings.
The present paper is organized as follows. Section II describes computational details for applying ab initio methods to electronic structure, and for applying displaced oscillator approximation of FC factors to DF spectrum and IC rate constant. Section III presents the results and discussions and Sec. IV provides concluding remarks.
II. COMPUTATIONAL METHODS

A. Ab initio methods for electronic properties
It is important to notice that for molecule belonging to the C 2v point group symmetry the choice of B 1 and B 2 irreducible representations of electronic states depends on choice of Cartesian axes. Typically, the molecular C 2 axis is chosen as the z-axis and then the molecule is placed in the yzplane with x-axis to be perpendicular to the molecular plane as shown in Fig. 1 . In this way, we can identify the first excited state as B 2 symmetry.
The equilibrium geometries and its 30 vibrational frequencies of FB molecule were calculated in the framework of the density functional theory (DFT) for electronic ground state S 0 and time-dependent density functional theory for the first excited state S 1 . We have reported calculations based on three kinds of different exchange-correlation functionals. The Becke's three-parameter hybrid functional with the Lee-Yang-Parr correlation functional (B3LYP) 18 
B. Franck-Condon simulation for DF spectra
The relative intensity of molecular fluorescence is theoretically proportional to the third power of frequency spectrum ω, but when it is converted into units used in experimental measurement, the intensity must be divided by ω 2 .
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Therefore, within the Born-Oppenheimer approximation, fluorescence coefficient I(ω) of the electronic transition from the initial state a to the final state b with vibrational quanta ν and ν', respectively, can be expressed as [26] [27] [28] 
where ω ba = (E b − E a )/¯denotes the electronic adiabatic energy gap and E b (E a ) stands for the electronic energy at the equilibrium geometry of the state b(a), γ ba represents the dephasing (or damping) width,v i = (e¯ω i /kT − 1) −1 is the phonon distribution, and S i denotes the Huang-Rhys factor
in which ω i is the harmonic frequencies of the ith normal mode. In this case, the displacement d i in Eq. (3) can be simply calculated by
where q j (q j ) are the mass-weighted Cartesian coordinates at the equilibrium geometry of the electronic state b (a), and the transformation matrix L in Eq. (4), along with q j (q j ), were calculated using GAUSSIAN 09 program.
The most important quantities 0 and η j in Eq. (2) stand for the first-order anharmonic correction to Fracnk-Condon factors and given by 29, 30 
where K j3 is the third derivative of the ground-state potential energy surface with respect to normal mode Q j that can be calculated by GAUSSIAN 09 program as well.
(1 − 3η j )S j in Eq. (2) represents the certain effective Huang-Rhys factor that influences profile of fluorescence spectra.
C. Franck-Condon simulation for internal conversion
The internal conversion is due to the breakdown of the Born-Oppenheimer approximation. 31, 32 According to the Fermi's golden rule, IC rate constant from initial single vibrational level iv to final f state at temperature T = 0 K can be estimated by
whereĤ B O denotes the nonadiabatic coupling operator. The coupling matrix element is estimated by
where iv and f v are vibrational wave functions for nuclear motion, i and f represent wave functions for electronic motion, and Q l is the mass-weighted vibrational normal coordinate of the promoting mode. Since we are interesting the IC rate constant from the single vibronic level iv produced by the pumping laser, so that we can use the Condon and the displaced harmonic oscillator approximations under the collision-free condition to simplify Eq. (7) as
where
In the present work, we only consider v k = 0, and thus (9) denotes the vibronic coupling for single prompting mode l between the initial and final electronic states and it is given by )] optimized by different levels of method for the fluorobenzene. Bond lengths are given in angstroms and bond angles in degrees. All calculations are based on basis set 6-311++G**. The atom numbering is shown in Fig. 1 . where the electronic nonadiabatic coupling matrix elements f |∂/∂ Q l | i were computed by the MOLPRO program.
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For simplicity, the term (9) is called as the electronic part of the IC rate constant. The integration part in Eq. (9) is the Franck-Condon factor basically same as the corresponding integration part in Eq. (2) for fluorescence emission spectra without including anharmonic correction. Therefore, accuracy of spectral calculation can directly reflect accuracy of internal conversion calculation. In the present work, we consider the calculation of IC rate constant from the single vibronic levels of the first singlet excited state S 1 to the ground state S 0 .
III. RESULTS AND DISCUSSIONS
A. Equilibrium geometries and vibrational frequencies
The geometrical optimizations were carried out using DFT and HF methods for electronic ground state, and TDDFT and CIS methods for the first excited state. In fact, the structural optimizations of FB have been performed using a set of ab initio methods and the results have been analyzed in more detail. 4, 5 We presented our calculation results and made a comparison with other theoretical calculation 5 as well as available experimental data. 9 Optimized geometrical parameters are given in Table I with the atom numbering scheme adopted in Fig. 1 . Table II in comparison with other theoretical calculations and available experimental data. It should be noted that frequency calculations are used not only for simulating fluorescence spectra but also for verifying optimized equilibrium geometries as true minima for the two electronic states involved in the transition. Table II shows that vibrational frequencies simulated with the three functionals (B3LYP, B3LYP-35, and BHandHLYP) are in very good agreement with the experimental observations 2, 4, 6 as well as the other theoretical calculations 4, 5 for both electronic ground S 0 and the first excited S 1 states, and this indicates that the calculated frequencies can be used directly to simulate the fluorescence spectra without scaling. For example, the frequencies calculated from B3LYP method are just scaled by a factor of 0.98 to reproduce the experimental values very well (see Table II ). However, vibrational frequencies simulated from HF and CIS methods are much larger than the corresponding experimental values. It should be pointed out that in the present calculation the normal mode v 10 is assigned as the closest analogy to the ring-breathing mode in benzene molecule. 36 This is different from Ref. 4 where it is normal mode v 8 . In the present work we chose the Mulliken notation to label the vibrations of FB molecule and the corresponding Wilson notation only quoted in the tables.
In order to confirm that the displaced harmonic oscillator approximation is good approximation to be used for simulating the DF electronic spectrum as well as IC rate constant, it requires that difference between vibrational frequencies of S 0 and S 1 states must be small for each of the eleven totally symmetry vibrational normal modes (a 1 -type). Table II 
B. Electronic structures and excitation energies
We have done calculations of vertical excitation energies and its corresponding oscillator strengths for the first two singlet-excited states estimated at equilibrium geometry of the ground state. Table III shows the vertical excitation energies to S 1 state 5.32, 5.51, and 5.67 eV, respectively, calculated from B3LYP, B3LYP-35, and BHandHLYP functionals and they all overestimate experimental value (4.69 eV), 12 but are better than the previous value (5.81 eV) reported by Padma et al. 13 which is just the same as the present CIS calculation. The present calculations showed the more percentage of HF exchange in the functional, the more overestimation of vertical excitation energy to S 1 state. This tendency is consistent with the HF method that does not include the correlation energy. Besides, the present calculation based on the three functionals in text also shows lower adiabatic energy gaps between S 0 and S 1 states than that of Ref. 13 . The experimental studies 12, [35] [36] [37] [38] [39] showed that the substitution of fluorine in benzene does not change the symmetry order of S 1 and S 2 states, and this indicates that the 1 B 2 corresponds to the first excited state and 1 A 1 corresponds to the second excited state. The present calculations confirm all the experimental conclusion. On the other hand, the present calculations showed that the first excited state S 1 has a ππ* transition feature, and thus the significant changes in geometry come from the CC bond lengths when the 1 B 2 ← 1 A 1 transition occurs. The present natural orbital calculation predicted that the S 1 state results mainly from the mixing excitation of the HOMO → LUMO (0.71 electron excited) and the HOMO − 1 → LUMO + 1 (0.29 electron excited), and its frontier molecular orbitals are depicted in Fig. 2 and this agrees with calculations reported by Pugliesi et al. 5 In comparison with experimental vertical excitation energy to S 2 state 6.21 eV, B3LYP-35 and BHandHLYP methods show the best agreement as shown in Table III , while B3LYP method shows the underestimation and CIS method shows the overestimation. Let us now turn to discuss oscillator strengths of excitation transitions vertically from the ground state to excited states. Relative strengths measured from experiment 12 are 0.007 and 0.081 for excitation to S 1 and S 2 states, respectively, as shown in Table III . The present calculations do not reproduce this order of excitation strengths.
C. Franck-Condon simulation of the DF spectrum
The dispersed fluorescence spectrum of the A 1 B 2 → X 1 A 1 transition was measured and the detailed analyses were reported in the recent experiment studies, 4 where the DF spectral profile is primarily described by the Franck-Condon progression in terms of the totally symmetry normal modes (a 1 -type). Among these modes, v 9 and v 10 are the main progression forming modes in the 1 B 2 → 1 A 1 fluorescence spectrum. The present calculations confirmed that modes v 10 and v 9 have the largest Huang-Rhys factors (S = 0.420 and 0.408 for instance from B3LYP calculation as shown in Table IV) In the present spectrum simulation, we utilized the unscaled vibrational frequencies calculated at the same levels of ab initio method as was performed for optimizing the geometries of the electronic states in Sec. III A. The band origin (0-0 transition) is set up to be zero (cm −1 ) in the DF spectrum as it was adopted in experimental study. 4 In order to simulate the experimental resolution of the DF spectrum, Lorentzian broadening width in Eq. (2) is tested as γ ab = 10 cm −1 approximately. We know that this value contains not only the truly dephasing but also the contribution from the According to the high resolution of experimental results performed by Butler et al., 4 the DF spectrum is mostly assigned as the totally symmetric normal mode progressions; especially the mode v 9 displays very strong intensity in the spectral profile and in the present B3LYP calculation the intensity of the vibronic line assigned as 9 Table IV . Within harmonic approximation vibrational displacement vector for mode v 1 (CH stretching) is very large as shown in Fig. 3 and even if CH bond lengths change very small from S 0 to S 1 state, Huang-Rhys factor is still as big as 0.22. However, anharmonic correction is also large as shown in Table IV and it effectively cancels out 1 0 1 transition. We can conclude that the amount of HF exchange (from 20% in B3LYP, 35% in B3LYP-35, 50% in BHandHLYP, and 100% in HF) does impact the geometries and vibrational frequencies of FB molecule, but not the relative intensities of the transitions. It is anharmonic corrections that influence the relative intensities of the transitions.
The experimental spectra in Figs (3054 cm −1 ) vibronic transitions as four fundamentals located at 1613, 2434, 2016, and 3014 cm −1 in experiment, 4 , respectively. The detailed assignments based on the present analysis are shown in very good agreement with the experimental data as displayed in Table V. In the low energy region of the DF spectrum, the experimental observation and the present B3LYP simulation agree well for the significant intensity assigned from normal mode v 11 , and this corresponds to Huang-Rhys factor S = 0.154 (from B3LYP) as shown in Table IV . Intensity of 6 0 1 band in the harmonic Franck-Condon simulation is lower than corresponding experiment intensity, but it is improved with anharmonic correction as shown in Fig. 5 . This fundamental v 6 corresponds to the CF bond stretching in the present analysis. Furthermore, the experimental DF spectrum reported by Butler et al. 4 showed that there are many moderate intensity peaks with the characteristics of combination between fundamental modes. Most of these transitions can be assigned based the present FC simulations. Another issue is related with how nontotally symmetry modes contribute to the DF spectrum. As we know that a large number of overtones of out-of-plane vibrations were described and interpreted as contribution from the nontotally symmetric vibrational modes in the experimental DF spectrum. 4 For example, the transitions involving the a 2 and b 1 vibrations,14 0 2 , 19 0 2 , and 18 0 2 , have relative moderate intensities which cannot included in the simulation with displaced oscillator approximation. In order to include contributions from the nontotally symmetric vibrational transitions, we must use the distorted harmonic oscillator approximation. 28 The distorted effect from the change of frequency between the ground and excited states is generally small, but it can be observed experimentally when the ratio between |ω g − ω e | and |ω g + ω e | (ω g and ω e are the vibrational frequencies of the ground state and the excited state) is large for the mode involved in the electronic excitation. As shown in Table II , based on the present calculations some of the out-of-plane vibrations have a large change in frequencies. For example, for the mode v 12 with a 2 symmetry, the frequency difference between S 0 and S 1 states is 348 cm −1
(from B3LYP) and in this case the distorted effect should be considered.
According to Eq. (1), the fluorescence coefficient I(ω) is proportional to the Franck-Condon factor. Within the displaced approximation, the Franck-Condon factor can be derived as 27, 28 
where ν i denotes the vibrational quantum number of the ith normal mode and S i is the Huang-Rhys factor. Similarly, the Franck-Condon factor in the distorted harmonic approximation is given by 27, 28 
where v i can be only taken as an even integer number, ω i andω i correspond to vibrational frequencies for different electronic states. We can see that, unless ω i ω i (or ω i ω i ), F ν i is much smaller than unity. By applying Eqs. (12) and (13) 
D. Internal conversion and the lifetime of S 1 state
In order to compute internal conversion constant, we have to compute the nonadiabatic coupling matrix elements or vibronic couplings f |∂/∂ Q l | i (between S 0 and S 1 states) vertically at equilibrium geometry of S 1 state. At the equilibrium geometry of S 1 state calculated by two methods; (TD)B3LYP and HF/CIS, we employed CASSCF method for calculating nonadiabatic coupling matrix elements. We should mention that the equilibrium geometry optimized by (TD)B3LYP and HF/CIS methods may or may not correspond to true equilibrium optimized by CASSCF method, but on the other hand, vibronic couplings vary very slowly against change of geometry. We first computed vibronic couplings in Cartesian coordinate spaces and then transformed them into normal mode coordinates. However, we have to lowering group symmetry to C 1 in order to perform vibronic couplings by MOLPRO. We obtained 30 vibronic couplings TABLE V. Theoretical frequencies and assignments of transitions in the DF spectrum using the displaced oscillator approximation. The relative energies of the origin bands in both experimental and theoretical spectra are set up to be zero. The experimental data is taken from Ref. among which there are only three modes at the same order of magnitude and the rest of them are negligibly small. These three modes do not have clear correspondence to modes obtained with C 2v group symmetry. Therefore, we can only label them according to order of frequency magnitude in C 1 symmetry, and they are 7th, 8th, and 15th vibrational normal modes computed by CASSCF. Then, three vibronic couplings are converted to the electronic part of the IC rate Table VI . Two methods produce almost same the coupling matrix elements and its electronic part of the IC rate (see the coupling elements of the 7th normal mode are about 0.1482 and 0.1460 a.u., respectively, from (TD) B3LYP and HF/CIS methods given in Table VI ). This is because the optimized geometries of the excited state S 1 performed by two methods show small discrepancies (see Table I ), besides vibronic couplings vary slowly against change of geometry. . Now we turn to compute the second part of IC rate of the transition 1 B 2 → 1 A 1 , and that is the integral part in Eq. (9). The dephasing width γ i f in Eq. (9) 
where summation is over three promoting modes (7th, 8th, and 15th in C 1 group symmetry). All results are given in Table VII . 
2 is independent to dephasing width, and thus it is nuclear part of IC rate that is depending on dephasing width. How to determine dephasing width seems becoming a problem. If we use consistent choice of dephasing width for both calculations of the DF spectrum and IC rate, we should choose the dephasing width as 10 cm −1 that was used for the DF spectrum simulation in Sec. III C. At γ i f = 10 cm −1 , the calculated total lifetimes of the decay 1 B 2 → 1 A 1 are 11 and 19 ns, respectively, from TD(B3LYP) and HF/CIS calculations in comparison with the experimental value 14.75 ± 0.34 ns (Ref. 16) [the lifetime of 0-0 de-exciting transition is considered so thatg v k (t) = 1 in Eq. (9)]. The present calculations show very good agreement with experiment for IC rate constant (or decay lifetime). Taking both the approximations introduced in the present calculations and the experimental uncertainties into consideration, we conclude that the difference between the calculated and the experimental lifetimes (or the IC rates) is quite reasonable. We added anharmonic TABLE VI. The coupling matrix elements and electronic part of the IC rate of three dominant promoting modes. See detail in context. The Mulliken notation is used to denote the vibrational mode. corrections to the second part of IC rate, and its results are the same as harmonic approximation.
IV. CONCLUDING REMARKS
In the present studies, we have simulated the DF spectrum and IC rate constant of fluorobenzne following excitation of the 1 B 2 (S 1 ) ← 1 A 1 (S 0 ) transition from the S 1 state to S 0 state by using displaced harmonic oscillator approximation with and without including anharmonic and distorted correction. Starting from optimization of equilibrium geometries and the corresponding normal mode frequencies of S 0 and S 1 states, we obtained geometry parameters and frequencies generally in good agreement with experimental results 2, 4, 6 and the previous theoretical calculations. 5 Three kinds of functionals (B3LYP, B3LYP-35, and BHandHLYP) with (TD)DFT method plus HF/CIS method were adopted for ab initio calculations for ground and the first excited states. Based on accurate geometry parameters and frequencies calculated by these methods, we could compute displacement d i between equilibrium geometries of S 0 and S 1 states and Huang-Rhys factor S i accurately. Therefore, we are pretty confident about the present simulations on the DF spectrum and IC rate constant. Displaced harmonic oscillator approximation presented very good examinations of the spectral profile and the assignments of the active fundamental normal modes in the DF spectrum of fluorobenzene, and its results basically agree well with the previous assignments studied in the literatures. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Actually, the present calculations proved that totally symmetry vibrational modes dominate spectral profile and the assignments, especially described by the Franck-Condon progression from the v 9 and v 10 modes and then we could also assign the dominant combination bands with moderate intensities, such as the bands 11 We conclude that the amount of HF exchange (from 20% in B3LYP, 35% in B3LYP-35, 50% in BHandHLYP, and 100% in HF) does impact the geometries and vibrational frequencies of FB molecule, but not the relative intensities of the transitions. It is anharmonic corrections that influence the relative intensities of the transitions.
We considered using the distorted corrections (which only correct nontotally symmetry modes) to explain the overtones of out-of-plane vibrations which arise from the nontotally symmetric vibrational modes. The present calculations indicated that some of small peaks in the DF spectrum are due to contributions from the distorted effect. However, its contributions to spectra are basically small in comparison with totally symmetry modes.
By using the CASSCF method, we calculated the electronic matrix elements of nonadiabatic coupling between the S 0 and S 1 states and then we computed the single vibronic level internal conversion rate of the 1 B 2 (S 1 ) → 1 A 1 (S 0 ) transition within the collision-free condition. It was found that the IC rate is sensitive to the dephasing width. Around γ i f = 10 cm −1 that is adopted for spectrum simulation, the calculated total lifetimes of this decay are in good agreement with the experimental observation.
